A method of transferring a bilayer of polymer capped with metal to a substrate is developed with a mould that is coated with a metal followed by a polymer. A self-assembled monolayer chemisorbed on the mould surface plays a key role in the bilayer transfer. This bilayer reversal imprint lithography offers a distinct advantage over other imprint techniques in allowing for a high aspect ratio of the pattern transferred onto a substrate, which has been difficult to obtain for small feature sizes. The method requires only one etching step as opposed to the two etching steps typically needed in the imprint lithography, which can degrade the pattern fidelity.
Introduction
Miniaturization has been an invariant in the fabrication of any device, including electronic, optical, and biological devices. To fabricate a device, a reliable lithographic technique is needed to obtain high density integration, high speed and functionality. For the feature size smaller than 100 nm, the conventional fabrication techniques such as optical lithography, x-ray lithography or electron beam lithography have several limitations with regard to resolution, cost, and throughput.
These limitations have created considerable interests in the alternatives, usually based on a mould. These include imprint lithography [1] and soft lithography [2] . Added to this list recently are capillary force lithography [3] , soft moulding [4] , and patterning driven by an electric field [5] . Although the basic principles of these techniques are conceptually old, recent research has shown that the resolution can be extended into nanometre ranges by combining the techniques with advanced materials and processing conditions [6] .
While these techniques are high-throughput and low-cost methods, imprint lithography is perhaps the one that can deliver the smallest feature size, well below 100 nm. Here, the resist is physically pressed with a hard mould at a high temperature, as opposed to a chemical modification of the resist in conventional photolithography. The original method has been extended to room temperature imprinting [7, 8] and the use of a ultra-violet curable prepolymer liquid [9] . Spinoffs of imprint lithography are reversal imprinting [10] and polymer bonding [11] . In reversal imprinting, a polymer is spin coated onto the patterned mould instead of the substrate and then the moulded polymer is transferred to the substrate under high pressure and temperature. In polymer bonding, both the mould and the substrate are spin coated with a polymer and the bonding of the two polymer layers is accomplished through high pressure and temperature. An advantage here is that the imprinting is possible onto substrates that cannot easily be spin coated, such as flexible polymer substrates.
There are two problems to overcome to preserve the pattern fidelity in transferring the polymer pattern to the underlying substrate. In high resolution patterning, the polymer (resist) thickness is very thin. In the course of reactive ion etching (RIE) for removing the residual resist in the windows of the pattern, a nonvertical sidewall is formed. Even if the sidewall is vertical, it is difficult to form a resist layer sufficiently thick for subsequent processing such as etching of the underlying substrate. A possible change in the pattern size due to RIE is another problem to contend with. To overcome these problems, a few approaches have been taken. One of them [1, 11] involves removing the residual resist from the recessed parts (windows) of the pattern by RIE, depositing a metal layer and applying a lift-off technique such that the metal layer left only in the windows can be used as the etch mask for further processing. Another approach is the use of a multilayer, typically a bilayer of one polymer on another polymer layer [12] or a trilayer in which a layer easily deformable at relatively low temperature is added to a metal-polymer bilayer [13, 14] . In the bilayer approach, Figure 1 . Schematic diagram of BRIL process. A mould with an anti-adhesion layer (SAM) is coated with a metal and then a polymer layer (step 1). The mould with the bilayer is pressed against a substrate. When the mould is separated from the substrate, only the patterned bilayer remains on the substrate (step 2). The imprinted pattern is transferred to the underlying substrate with the imprinted bilayer as the etch mask (step 3). The bilayer is then removed in a solvent (step 4). the penetration of the master pattern by imprinting is through the upper layer into the underlying polymer layer. In the case of the trilayer, the top polymer layer is patterned by imprinting.
In this work, bilayer reversal imprint lithography (BRIL) is introduced to take advantage of the high aspect ratio that a metal etch mask can offer and to have the substrate surface (windows) exposed as in one form of reversal imprinting, thereby eliminating one of two RIEs typically needed that tend to degrade the polymer pattern.
Experiment
The steps involved in BRIL are illustrated in figure 1 (steps 1 and 2). The mould preparation of step 1 involves depositing a metal layer onto a mould surface that has been chemisorbed with a self-assembled monolayer (SAM) followed by spin coating the metal surface with a thin polymer layer. The SAM layer plays the role of an anti-sticking monolayer and the thin polymer layer the role of a bonding layer. The mould with the bilayer is then brought into contact with a substrate, pressed, and then removed, transferring in the process the bilayer on the protruding parts of the pattern onto the substrate (step 2). The substrate can be etched by RIE with the transferred bilayer as the etch mask (step 3). By placing the substrate in a suitable solvent, the bilayer can easily be removed, leaving behind the patterned substrate (step 4).
The moulds were patterned on silicon wafers with a top oxide layer of 300 nm. The step height of the moulds used here is 1 µm. A SAM, (tridecafluoro-1,1,2,2-tetrahydrooctyl)-trichlorosilane [CF 3 -(CF 2 ) 5 -CH 2 -CH 2 -SiCl 3 ], was chemisorbed onto the mould for the anti-sticking layer. BRIL relies on the difference in the adhesion strength at the three interfaces: SAM (mould)-metal interface, metal-polymer interface, and polymer-substrate interface. It is known [15] [16] [17] that the adhesion strength between a mould and an evaporated metal layer can significantly be reduced by inserting a SAM between the surfaces. For example, it was reported that the work of adhesion is reduced from 2×10 4 to 3 µJ m −2 when the surface for a microelectromechanical system is treated with a SAM, a four orders of magnitude reduction [17] . The treatment procedure with the SAM used here is detailed in Choi et al [18] . At the metal-polymer interface the native oxide film of the metal surface plays a critical role. The oxide film interacts with and adheres to the organic polymer, resulting in good adhesion between metal and polymer.
In our experiment, aluminium was thermally evaporated onto the SAM-treated surface to a thickness of 20 nm. A quartz crystal oscillator was used to measure the thickness of the deposited metal layer. In high vacuum, almost no metal deposits on the sidewalls. After the metal deposition, 1 wt% polystyrene (Mw = 45 000, glass transition temperature (T g ) = 102
• C) in toluene was spin coated onto the metaldeposited surface at 7000 rpm for 30 s. We then measured the total thickness of the metal-polymer bilayer, using a crosssectional SEM image of the fractured sample, which gave a value less than 30 nm. Following the mould preparation, the mould with the bilayer was brought into contact with a substrate and pressed at a pressure of 10 MPa in a pre-heated hydraulic press maintained at 100
• C, which is slightly below the T g of 102
• C. The heating was discontinued after 1 min of pressing. Subsequently, the bilayer films are cooled to room temperature and the load is removed. The separation of the stamp from the substrate then results in the lifting away of the bilayer from the substrate in those regions in contact with the substrate. The polymer film ruptured cleanly along the edges of the contact area when pressed. The substrate used in the experiment was 500 µm thick wafers that had been thermally oxidized to a thickness of 300 nm. With the bilayer imprinted on the substrate as the etch mask, the pattern was transferred to the substrate by SF 6 RIE (5 × 10 −2 Torr, 100 W) of the silicon dioxide layer. The bilayer was then removed by immersing in toluene that dissolves the polymer selectively, completing the pattern formation on the substrate.
Result and discussion
On the basis of the technique described above, BRIL was carried out for two different patterns shown in figures 2(a) and (c), which are the scanning electron microscopy (SEM) images taken after the bilayer patterns on the moulds were imprinted to the substrate, for the grating and circle patterns with a size of 500 nm and 2.5 µm, respectively. It is important to recognize that the conformal coating of the bilayer on the mould is necessary for good pattern fidelity. A critical factor in transferring the bilayer is the mould step height relative to the bilayer thickness. If the thickness is too high relative to the mould step height, the transfer will not be successful. For a mould with submicrometre features, for instance, the step height should be more than 200 nm if the bilayer thickness is 50 nm. The bilayer film ruptured along the edges of the contact area when the mould was pressed onto the substrate. The bonding between the polymer and the substrate becomes stronger with a longer contact time, a higher temperature, a higher pressure, or a lower molecular weight.
With the imprinted bilayer as the etch mask, the substrate was etched with an SF 6 RIE to obtain the SiO 2 patterns shown in figures 2(b) and (d) for the grating and circle patterns, respectively. The SEM images were obtained by tilting the samples such that the circles, shown in the inset of figure 2(c), look like lines in figures 2(c) and (d). The thickness of the metal-polymer bilayer is about 30 nm ( figure 2(e) ) and the pattern depth transferred into SiO 2 is about 240 nm ( figure 2(f) ), indicating a selectivity of 8. In the case of reversal imprinting where only a polymer resist is used for the etch mask, the pattern depth transferred into SiO 2 is almost the same as the original resist thickness, which is very small in high-resolution patterning, because the etch selectivity of polymer over SiO 2 is not good. The SiO 2 circle pattern obtained in figure 2(d) shows that the pattern fidelity is quite good even with a 30 nm bilayer etch mask. The reason for the high selectivity with such a thin metal layer is that the top portion of the Al layer is fluoridized and the AlF 3 formed prevents the etching of Al, while SiO 2 is fluoridized and silicon fluorides vaporize once the surface is attacked by reactive ion bombardment [19] .
To demonstrate the spatial resolution of BRIL, the method was used to form bilayer gratings on a SiO 2 surface. Shown in figures 3(a) and (c) are the moulds from which the bilayer grating patterns were imprinted onto the SiO 2 surface, figures 3(b) and (d) corresponding to 3(a) and (c), respectively. It should be noted in this regard that only the bilayer on the top portion of the protruding lines is imprinted. The mould lines in figure 3(a) are tapered such that the line width at the tip is about 150 nm, as revealed by the imprinted line width in figure 3(b) , whereas that at the bottom is 400 nm. Because of the bilayer deposited on the tapered sidewalls, the imprinted lines show wingtips. These wingtips are probably due to the fibrils formed by crazing during the fracture [20] . The fibrils bridge an incipient crack in the direction perpendicular to the crack direction. However, the extent of the wingtip formation in the case of BRIL is not significant compared with the usual crazing of a polymer that is subjected to a tension because the crazing is suppressed by the compressive stress. To eliminate the wingtip formation, brittle fracture should be induced rather than the ductile fracture that leads to the crazing. The brittle fracture stress is nearly independent of temperature whereas the ductile fracture stress decreases with increasing temperature. Therefore, a lower temperature is more conducive to brittle fracture that can produce a cleaner break at the edges of the protruding parts of the mould. A lower temperature, on the other hand, results in a smaller bonding strength and hence a compromise has to be made regarding the choice of the temperature. It should also be noted that a thinner film leads to a better pattern fidelity.
The top surface of the 100 nm lines (dark columns in figure 3(c) ) was rough and round. As a result, the imprinted lines in figure 3(d) are also rough since only the top portion of the protruding lines is imprinted. Because of the round top surface, the line width is reduced to about 80 nm, indicating that not all the top surface of the mould was imprinted due to the roundness. An unintended benefit of the imperfect mould pattern is that the BRIL method could be demonstrated for a feature size less than 100 nm.
This approach, we believe, would be suitable for patterning a wide range of conducting, dielectric and semiconducting films with single-and multilayer structures. The method could also be a simple and cost-effective means of transferring a prepatterned metal (cathode)-polymer (emitting layer) bilayer on a glass (substrate) onto the surface of ITO (anode) in the fabrication of organic light-emitting diodes. This general patterning capability allows for simultaneous cathode engineering and metal patterning.
Conclusion
In summary, a patterning technique of BRIL has been presented. The essence of the method lies in properly manipulating the adhesion strength at the three interfaces involving the mould, the bilayer and the substrate by introducing a fluorinated SAM between the mould and the bilayer. The reduction of adhesion between the mould and metal is a key to perfect pattern transfer. The method offers a distinct advantage over other imprinting techniques in that, even with a thin layer, a high aspect ratio can be realized in transferring the imprinted pattern to the underlying substrate, which has been a problem to overcome for patterning small features by imprinting. The method involves a direct transfer of the desired pattern onto a substrate and, therefore, the reactive ion etching of the imprinted polymer is eliminated, that tends to deteriorate the pattern fidelity.
